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Abstract

Previous studies at Yakima Training Center (YTC), in Washington State, suggest freeze-
thaw (FT) cycles can ameliorate soil compacted by tracked military vehicles [J. Terra-

mechanics 38 (2001) 133]. However, we know little about the short-term effects of soil freezing
over a single winter. We measured bulk density (BD), soil penetration resistance (SPR), and
steady-state runoff rates in soil newly tracked by an Abrams tank and in uncompacted soil,

before and after a single winter at YTC. We similarly measured BD, SPR and saturated
hydraulic conductivity (kfs) in simulated tank tracks at another site near Lind Washington.
Average BD was significantly greater in tank ruts at YTC and in simulated tracks at the Lind
site than in uncompacted soil soon after tracking and did not change significantly during the

winter of 1997–1998. Measurements of SPR were strongly influenced by soil moisture. When
soil was moist or tracks were newly formed, SPR was significantly higher in tank ruts than in
uncompacted soil from the surface to a depth of about 10–15 cm. The greatest average SPR in

compacted soil was observed between 4 and 6 cm depth. We observed less difference in SPR
between tank ruts and uncompacted soil near-surface at YTC as the time after trafficking
increased. We observed highest SPR ratios (compacted rut:undisturbed) in fresh tracks near

the surface, with lower ratios associated with increasing track age or soil depth, indicating
that some recovery had occurred at YTC near-surface. However, we did not observe a similar
over-winter change in SPR profiles at the Lind site. Rainfall simulator data from YTC

showed higher steady-state runoff rates in tank ruts than over uncompacted soil both before
and after winter. However, more time was required to reach steady-state flow in tank ruts and
the proportion of runoff was slightly lower in May 1998 than in August 1997. At the Lind site,
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kfs was lower in newly compacted soil than in one-year old compacted soil or uncompacted

soil. Our data suggest that indices of water infiltration such as steady-state runoff rates or kfs,
are more sensitive indicators of soil recovery after compaction than are BD or SPR.
Published by Elsevier Ltd on behalf of ISTVS.
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conductivity; Yakima Training Center
1. Introduction

Military training with tracked vehicles can disturb vegetation, form ruts, and
compact soil, which can impact runoff and soil erosion on military lands such as
Yakima Training Center (YTC) located in Washington State. Vegetation is directly
impacted by maneuvers [15,20,28] and indirectly affected through changes in soil
nutrient availability, soil physical characteristics, and patterns of soil moisture sto-
rage [5,7,14,35]. Tracking can destroy individual plants and alter community com-
position [2,3,4,19,31], or influence larger-scale patterns in the landscape [21]
especially when combined with grazing, drought or fire.
Ruts can concentrate surface water flow, depending on orientation, slope, soil
characteristics, and landscape position [11,33]. The geometry of hillslope channels,
such as rills or ruts, is important because it influences the velocity and, thus, ero-
sivity of water flowing in them [10,12]. Compacted soil in ruts affects erosion by
changing the stability and size distribution of soil aggregates, and increasing soil
bulk density and penetration resistance [12,16,30]. Small increases in soil bulk den-
sity can result in disproportionately large decreases in infiltration rates that increase
the potential for runoff [22]. Rut geometry and the degree of compaction are influ-
enced by vehicle factors and site factors [14,20,34]. Vehicle factors include contact
area, surface pressure, weight, track slip, track design, vehicle speed, and driving pat-
tern and the frequency and season of tank traffic. Site factors include soil character-
istics such as texture, moisture, depth, and topography; plant characteristics, such as
species composition, coverage, and growth stage; and climatic conditions, such as
precipitation and temperature.
Once formed, compacted ruts are affected by environmental factors such as freeze-
thaw cycles and wetting and drying [5,27,30]. Although the effects of soil compaction
by tanks can persist for decades in some desert soils [23], data collected during 1996 in
the shrub-steppe at the YTC demonstrate that significant changes (smoothing) in
tank rut geometry can occur during a single year [16,17]. The data also suggest that
soil is less compacted by tanks at the soil surface than deeper in the profile or, alter-
natively, that surface compaction does not persist. Less compaction may occur at the
soil surface if water content is lower or if soil texture differs from that deeper in the
profile. Alternatively, compacted soil near the surface may be more strongly affected
by forces such as wind, and wetting-drying and freeze-thaw cycles that fluctuate with
higher frequency and amplitude at the soil surface than deeper in the soil profile.
Variation in the degree of compaction throughout the soil profile has important
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implications for potential erosion and prediction because surface conditions do not
necessarily represent the underlying soil.
This research is part of collaboration between the US Army Engineer Research
and Development Center’s Cold Regions Research and Engineering Laboratory and
the United States Department of Agriculture, Agricultural Research Service to
determine soil freeze-thaw effects on hydraulic geometry, soil strength, infiltration,
runoff erosivity, and soil erodibility of vehicular ruts and natural rills. The objectives of
this work were to study the short-term dynamics of change in soil compacted by tracked
military vehicles. We measured indicators of compaction, such as soil bulk density,
penetration resistance, steady-state runoff, and saturated hydraulic conductivity in soil
soon after track formation and again after winter, to record amelioration of compac-
tion over time. Changes in soil compaction are important to rut-flow hydraulics and
erosion, and they can be readily measured by military land managers.
2. Approach

2.1. Study sites and methods

2.1.1. YTC
We studied tank ruts formed by one pass of M1A1 Abrams tanks during training
maneuvers at YTC (Fig. 1). The YTC encompasses an area of over 130,000 ha and
lies in shrub-steppe, the largest of the grassland regions in North America [26].
Soils are typically loess overlying basalt and the climate is characterized as semi-
arid, temperate, and continental, with cold, wet winters and hot dry summers
[4,25].
We concentrated our measurements in an area near Badger Gap (46� 500 N 120�

160 W; 700 m above sea level) where maneuvers in early spring 1997 had produced
several parallel sets of tank ruts running east and west on a 1–5% slope in soil con-
taining 20–25% water (by weight) in the 0–10-cm depth [8]. This area represents
conditions common on the YTC, was accessible, had uniform vegetation and soil,
and information about the time of rut formation and antecedent soil moisture was
available. The soil here is classed as Benwy silt loam, a fine-loamy, mixed, super-
active, mesic Calciargidic Argixeroll. Common vegetation in the area includes per-
ennial native grasses such as blue-bunch wheatgrass (Elytrigia spicata) or Sandberg
bluegrass (Poa secunda), sagebrush (Artemisia tridentata and A. rigida) and intro-
duced annuals like tall tumble mustard (Sisymbrium altissimum) and cheatgrass
(Bromus tectorum). Further details about this area are provided by [4].
To evaluate over-winter changes in the compacted tank-rut soil, we measured bulk
density (BD) and soil penetration resistance (SPR) in the ruts and in adjacent,
uncompacted soil lying within 1 m of the center of the ruts. We chose this distance
because our previous work [17] indicated that effects of compaction during traffick-
ing did not extend very far from the edge of tank ruts at YTC, and we wished to
minimize the effects of natural spatial variability. We measured BD and SPR on 30
April 1997, about 1 month after tracking; on 5 November 1997, and on 21 April
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1998 (Table 1). On 14 March 1998, a portion of our research area was trafficked
during M1 training maneuvers and we used this unplanned opportunity to compare
SPR in ruts formed in April 1997 to new ruts only hours old. We sampled these new
tracks for comparison to 1997 tracks again on 21 April 1998.
To measure BD, a hand-held coring device was pressed down into the soil sur-
face to collect a 5-cm-diameter by 2.5-cm-deep core. Moisture content of the cores,
corresponding to soil at a depth of 2.5–5 cm, was determined by the gravimetric
method, and bulk density was calculated (dry mass per unit volume). We measured
SPR using a hand-operated cone-type Bush recording soil penetrometer (Findlay,
Irvine Ltd.), which measures the amount of pressure required to penetrate soil (e.g.,
[1,32]). The operator positioned the penetrometer perpendicular to the soil surface
Fig. 1. Site map featuring an outline of Washington State with the locations of Yakima Training Center

(YTC) and Lind shown. The YTC site is located at 46� 500 N 120� 160 W. The Lind site should be located

at 46� 590 N 118� 330 W.
4 J.J. Halvorson et al. / Journal of Terramechanics 40 (2003) 1–24



and inserted it into the soil at a steady rate. For these measurements, we used a
7.9-mm-diameter cone and recorded the SPR data at 2-cm depth increments from 0,
when the base of the cone tip was flush with the surface, to a depth of 16 cm, and
stored the information in an onboard data-logger.
We measured steady-state runoff from tank ruts and adjacent uncompacted soil
on 6–8 August 1997 and again on 19–21 May 1998 to assess changes in the impacts
of soil compaction on rainfall infiltration and runoff with time. We applied rainfall
with a rotating disk-type simulator previously developed to mimic the low intensity
and small drop size rainfall typical of the Pacific Northwest [6] (Fig. 2a). Such rain-
fall simulators are useful for obtaining infiltration, runoff, and erosion data. Field-
portable units are especially valuable because they allow control of the timing,
amount, duration, and intensity of the rainstorm and thus make replication possible.
To measure, we applied water at a constant rate (33 mm h�1) onto paired 0.5 � 1.0
m bordered plots sunk in tank ruts or the adjacent uncompacted soil (Fig. 2b) and
measured surface runoff as a function of time. The water used for the rainfall
simulator experiments was obtained from a nearby well and of potable quality. It
contained less than 16.7 mg/l sodium (Bob Corey, Directorate of Installation
Service, YTC).

2.1.2. Lind
We also established three experimental plots at the Washington State University
Dry-land Experiment Station (47� 000 N 118� 330 W; 465 m above sea level) located
near Lind Washington. We selected this location because it had a climate and soil
characteristics similar to YTC (Fig. 3) and was easier to access. The soil in the three
plots is characterized as Roloff-Starbuck very rocky silt loams, taxonomically clas-
sified as coarse-loamy, mixed, superactive, mesic Aridic Haploxerolls and loamy,
mixed, superactive, mesic Lithic Xerix Haplocambids. Plots A and B were vegetated
with an overstory of large specimens of native sagebrush (A. tridentata) together
with interstitial areas of cryptogamic crust, both indicative of a relatively undis-
turbed area [9]. Plot C was located nearby in slightly deeper soils in a area that had
Table 1

Sampling schedule at the Yakima Training Center
Sample date
 Age of the tracks that were sampled
 Variable(s) measured
30 April 1997
 About 1 month olda
 BD (N=5), SPR (N=12)
6–8 August 1997
 About 4 months olda
 Steady-state runoff
5 November 1997
 About 7 months olda
 BD (N=10), SPR (N=22)
14 March, 1998
 Old tracks: about 1 year olda
 SPR (N=22)
New tracks: about 1 day oldb
 SPR (N=24)
21 April 1998
 Old tracks: about 13 months olda
 BD (N=10), SPR (N=25)
New tracks: about 5 weeks oldb
 SPR (N=13)
19–21 May 1998
 About 14 months olda
 Steady-state runoff
a Tracks were formed during tank-training maneuvers during late March–early April 1997.
b Tracks were formed during tank-training maneuvers on 14 March 1998.
J.J. Halvorson et al. / Journal of Terramechanics 40 (2003) 1–24 5



been tilled and reseeded to grass mixture as part of the Conservation Reserve
Program (CRP).
On 24 November 1997, we created a series of compacted imprints in each plot
using a device designed to simulate track formation by M1A1 Abrams tanks. This
apparatus, ‘‘Bigfoot,’’ consisted of a single link of M1A1 tank tread, welded to a
metal frame and equipped with a fitting (Fig. 4a). The fitting allowed us to attach
Bigfoot to a Giddings hydraulic press mounted on a John Deere D350 caterpillar
tractor (Fig. 4b). Using this setup, we were able to apply up to about 2141 kg of
ground pressure. To simulate tracking, Bigfoot was positioned over the desired
location and the track pad hydraulically pressed into the soil until the rear portion
of the caterpillar tractor lifted off the ground. This procedure was applied twice to
form each track location. At the time of tracking, soil moisture ranged from about
20–25% (by weight) in the 0–5 cm depth.
We measured BD and SPR in 15 track imprints (5 in each plot) on 25 November
1997 (Table 2) and again on 22 April 1998, and bulk density on 14 May 1998 in 15
different track imprints. On 19 November 1998, we added a series of fresh track
imprints to plot C. On 4 December 1998, we measured saturated hydraulic con-
ductivity (kfs) in the fresh tracks (created November 1998), in older tracks (created
November 1997) and in uncompacted soil in plot C to assess change in compacted
soil with time (N=3). We measured kfs with a constant head pressure infiltrometer
Fig. 2. (a) Rotating disk-type simulator developed to mimic the low intensity and small drop size rainfall

typical of the Pacific Northwest, (b) applying about 33 mm h�1.
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(Soilmoisture Equipment Inc.) with a 10-cm ring and the approach and equations
provided by [24]
kfs ¼ ��GAR1= a ��H1 þ 1ð Þ þ G���a2
� �

ð1Þ
Where �* is a soil texture structure parameter (0.12 cm�1 for most structured soils);
A is the cross-sectional area of the infiltrometer reservoir (2.18 cm2 for our read-
ings); R1 (cm s

�1) is the steady rate fall of the water level in the infiltrometer reser-
voir; a is the inside radius of the soil ring (5 cm); H1 is the steady pressure head on
the infiltration surface (10 cm); and G is a dimensionless shape factor (0.5 for our
measurements).
Fig. 3. Climate diagrams for National Climatic Data Center (NCDC) stations representative of (a) Badger

Gap (near Ellensburg) and (b) Lind research areas. Monthly averages of temperature and precipitation

were calculated from 30-year NCDC data (1961–1990). Average annual temperature and precipitation for

Ellensburg was 8.5 �C and 22.7 cm., 9.8 �C and 23.8 cm for Lind.
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Fig. 4. Details of (a) the ‘Bigfoot’ apparatus, (b) mounted for compaction of soil.
Table 2

Sampling schedule at Lind Washington
Sample date
 Age of the tracks that were sampled
 Variable(s) measured
25 November 1997
 About one day olda
 BD (N=15), SPR (N=15)
22 April 1998
 About 5 months olda
 SPR (N=15)
14 May, 1998
 About 6 months olda
 BD (N=15)
4 December 1998
 Old tracks: about 1 year olda
 kfs (N=3)
New tracks: about 2 weeks oldb
a Tracks were formed with the ‘‘Bigfoot’’ apparatus on 24 November 1997.
b Tracks were formed with the ‘‘Bigfoot’’ apparatus on 19 November 1998.
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2.2. Statistical analysis

We analyzed BD data for YTC and Lind sites with a 2-way analysis of variance
(ANOVA) to determine if there were significant differences between compacted and
uncompacted soil or significant change over time. We chose this approach rather
than a repeated measures analysis because we could not sample the identical loca-
tions each time. We constructed plots of average SPR values (with 95% confidence
intervals) as a function of soil depth for each sample date and used paired t-tests to
determine if there was a significant difference between compacted and uncompacted
soil or among different depths. We used a simple one-way ANOVA, and its non-
parametric analog, the Kruskal–Wallis test, to determine if there were significant
differences in kfs among new-tracked, old-tracked, or uncompacted locations at
the Lind site. Differences in paired t-tests or ANOVA analyses were considered
significant if the Bonferroni adjusted probabilities were 40.05. All statistics were
calculated using Systat [29].
3. Results and discussion

3.1. Bulk density and soil moisture

Average BD was significantly greater in tank-compacted soil than in uncompacted
soil, at YTC, by more than 14.5% but did not differ significantly among the three
sample dates (P=0.1) (Fig. 5a). Conversely, average soil H2O was unaffected by soil
compaction (P=0.66) but the soil contained significantly more water in April and
November 1997, 16.8 and 16.9% by weight, than in April 1998, 10.8% (Fig. 6a).
Like YTC, average BD at the Lind site was significantly higher in locations com-
pacted by the Bigfoot apparatus than in adjacent uncompacted soil by almost 6%
but did not change significantly between November 1997 and May 1998 (P=0.12)
(Fig. 5b). The average value of soil H2O did not differ significantly between com-
pacted and uncompacted soil at the Lind site but was two times greater in November
1997 (24.1%) than in May 1998 (12.1%) (Fig. 6b).

3.2. Soil penetration resistance

Soil penetration resistance at YTC varied significantly with depth and between
compacted and uncompacted soil when measured on 30 April 1997, about one
month after tracking (Fig. 7a). Because of surface soil drying and looseness, the
Bush recording soil penetrometer was unable to consistently record values for SPR
at the soil surface in tank ruts or uncompacted soil. However, below that, average
SPR, in uncompacted soil, increased significantly with depth to about 1.5 MPa at 16
cm depth. Soil penetration resistance in tank ruts increased with depth to about 2.5
MPa at 6 cm, but then decreased to values identical with those of uncompacted soil
at 16 cm depth. Average SPR in tank ruts was significantly greater than in uncom-
pacted soil at depths between 2 and 10 cm.
J.J. Halvorson et al. / Journal of Terramechanics 40 (2003) 1–24 9



We observed significant differences in SPR between tank ruts and uncompacted
soil and among different depths on 5 November 1997 (Fig. 7b). As in April, average
SPR in uncompacted soil was low at the surface and increased to a value of about
1.5 MPa at 16 cm depth. Average SPR in tank ruts increased significantly with
depth, from about 0.9 MPa at the surface to nearly 2.0 MPa at 4 cm depth and was
significantly greater in tank ruts than in uncompacted soil from the surface to a
depth of about 12 cm.
Fig. 5. Average bulk density and 95% Confidence intervals for (a) Yakima Training Center and (b) Lind

sites. Samples for YTC were collected on 30 April 1997 (N=5), 5 November 1997 (N=10), and on 21

April 1998 (N=10). Samples were collected at Lind on 25 November 1997 and 14 May 1998 (N=15).
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Comparing data collected in November 1997 to those collected the previous April
(Fig. 7a and b) illustrates the sensitivity of SPR measurements to variation in
moisture in the soil profile. While moist soils are easier to penetrate than dry soils,
and result in comparatively lower, more consistent SPR readings, soil moisture may
not be distributed evenly with depth. November SPR data were collected in soil
Fig. 6. Average soil moisture, shown with 95% confidence intervals, for (a) Yakima Training Center and

(b) Lind sites. Samples for YTC were collected on 30 April 1997 (N=5), 5 November 1997 (N=10), and

on 21 April 1998 (N=10). Samples were collected at Lind on 25 November 1997 and 14 May 1998

(N=15).
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Fig. 7. Average soil penetration resistance (+/- 95% confidence intervals) for uncompacted (open circle)

and tank-compacted soil (closed circle) at Yakima Training Center on (a) 30 April 1997 about 1 month

after tracking (N=12); (b) 5 November 1997 (N=22); (c) on 14 March 1998 (N=22); and (d) 21 April

1998 (N=25).
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Fig. 7. (continued)
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immediately after rain, at the beginning of the winter precipitation cycle (see Fig. 3).
While the soil was clearly wet near the surface (Fig. 6), below about 12 cm, SPR in
ruts increased significantly, corresponding to drier soil below the wetting front
(measured at 15–17 cm by hand excavation). In contrast, we did not observe the
same sort of dry soil or a similar corresponding increase in SPR in uncompacted
soil. Our earlier observations indicate that soil compacted by a tank can have a
reduced saturated hydraulic conductivity relative to adjacent untrafficked soil ([17]).
While a moist, rain-compacted soil surface in November may help explain the sig-
nificantly higher SPR in both ruts and uncompacted soil near the surface compared
to the previous April, when the soil surface appeared dry, consistent measurement of
SPR at the surface is complicated by other soil conditions besides moisture.
Like spring 1997, average soil surface SPR was below detection for uncompacted
soil or ruts on 14 March 1998 (Fig. 7c). Average SPR increased significantly with
depth to a maximum value near 1 MPa at 16 cm and near 1.1 MPa at 8 cm in
uncompacted soil and ruts respectively. Average SPR was significantly greater in
ruts than in uncompacted soil at depths between 4 and 12 cm.
Data collected on 21 April 1998, in now 1-year-old ruts, were similar to those
recorded in April 1997, shortly after tracking (Fig. 7d). Average SPR increased sig-
nificantly with depth in uncompacted soil, ranging from undetectable levels at the
surface to an average value of about 1.5 MPa at 16 cm. Average SPR in ruts also
increased significantly with depth, reaching a maximum value of about 2.6 MPa at 6
cm then decreasing significantly to about 2.0 MPa. Average SPR was significantly
greater in ruts than in uncompacted soil at depths greater than 2 cm.
Tank training maneuvers on 14 March 1998 across our study area created a serendi-
pitous opportunity to compare newly created ruts to those created the previous year. In
these new ruts, average SPR increased significantly with depth in uncompacted soil to
an average value near 1.4 MPa at 16 cm (Fig. 8a). Average SPR in ruts increased sig-
nificantly with depth to an average value near 1.2 MPa at 4 cm, but remained constant
at greater depths. Even though surface values were very low, average SPR was sig-
nificantly greater in new tank ruts than in uncompacted soil from the soil surface to
about 10 cm. The average SPR profile in the top 10 cm of uncompacted soil near new
ruts was not significantly different from that near older ruts (compare Fig. 8a with
Fig. 7c). In comparison, the average SPR values were significantly greater in the top 4
cm of new tank ruts compared to older ruts, but identical at greater depths.
We measured SPR in these new ruts again on 21 April 1998. Average SPR
increased with depth in uncompacted soil to an average value near 1.4 MPa at 16 cm
(Fig. 8b). Average SPR in new ruts increased significantly to highest values of 3.2
MPa at 2 cm, and then declined significantly with depth to 1.5 MPa at 16 cm. The
average SPR was significantly greater in tank ruts than in uncompacted soil from
the surface to about 8 cm. The average SPR profile in uncompacted soil near new ruts
was not significantly different from that near older ruts (compare Fig. 8b with Fig. 7d).
However, average SPR values in new 1998 tank ruts were significantly greater in the
top 4 cm and significantly less at depths below 10 cm than in older ruts.
The opportunity to compare SPR measurements that were collected simulta-
neously from newer and older ruts was valuable for distinguishing those changes in
14 J.J. Halvorson et al. / Journal of Terramechanics 40 (2003) 1–24



Fig. 8. Average soil penetration resistance (+/- 95% confidence intervals) for uncompacted (open circle)

and tank-compacted soil (closed circle) at Yakima Training Center on a) on 14 March 1998, the day of

tracking (N=24) and b) 21 April 1998 (N=13). Note different scales.
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Fig. 9. Average soil penetration resistance (+/� 95% confidence intervals) for uncompacted (open circle)

and compacted soil (closed circle) at Lind on (a) on 25 November 1997, the day of tracking and (b) 22

April 1998 (N=15).
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SPR attributable to amelioration of soil compaction from changes in SPR related to
variations of soil moisture. In March and April 1998, we observed significantly
greater SPR in the top 4 cm of new ruts than in 1-year-old ruts with a correspond-
ingly smaller difference between tracked and untracked soil (compare Fig. 7c to
Fig. 8a and Fig. 7d with Fig. 8b). Data collected in April 1998, from newly tracked
locations (tracks about 2 weeks old), showed much greater differences between
tracked and untracked soil near the surface than the 1-year-old tracks.
In general, the highest average SPR values recorded for tank ruts were associated
with more sample variability than in the corresponding uncompacted soil (e.g.
Fig. 7a), an observation also reported by [23] who suggested this could be caused by
the tendency of tanks to bounce considerably when traveling across undulating ter-
rain or that variations in soil moisture content at the time of impact can affect
degrees of soil compaction. Average SPR values were lower and less variable in
November after the beginning of the winter wet season (see Fig. 3a) and especially in
March when soil H2O in the sample area was about 27.5% in the top 5-cm of soil
and close to 20% at depths between 5 and 25 cm than 1 month later, in April 1998,
when soil moisture was lower (10.8%) near the surface. The decrease in soil moisture
between March and April can be attributed to complete thawing and drainage of the
soil or evapotranspiration resulting from growing vegetation, increasing tempera-
tures or by drying by seasonal winds (Brian Cochrane YTC personal observation).
The pattern of SPR observed at Lind was comparable to that seen at YTC. From
undetectable levels at the surface, average SPR increased with depth to a value near
2.3 MPa at 16 cm in uncompacted soil (Fig. 9a). Compacting the soil with the Big-
foot apparatus on 25 November 1997 significantly increased SPR below the soil
surface. Average SPR in Bigfoot imprints increased to about 2 MPa at 4 cm depth
and then increased more gradually to 2.9 MPa at 16 cm. Average SPR did not
change at the surface or 2-cm depth between tracking in November and April. At
other depths, SPR in both compacted and uncompacted soil was higher in November
than in April.
The M1A1 battle tank, with an estimated vehicle weight of about 63,000 kg (69.5
tons), exerts an average static ground pressure of 1.08 kg/cm2 (15.4 psi) [13]. In
contrast, we measured a total vehicle mass for the ‘Bigfoot’ apparatus of only 2121
kg. However, owing to the relatively small area of the two tread pads in contact with
the ground (676.2 cm2), Bigfoot was capable of exerting nearly three times the
average ground pressure, 3.16 kg/cm2 (45.0 psi), as the tank. Despite this, we recor-
ded comparatively low average SPR values and no significant difference between
compacted and uncompacted surface soil at the Lind site on the day of tracking.
Similarity between SPR measurements, for compacted and uncompacted soil at the
soil surface, may be the result of instrument limitations related to measuring at the
surface (see below), as the surface depth reading is recorded when the base of the
penetrometer cone tip is at the soil surface. Another potential contributing factor
might be a relatively dry soil surface or a particle size distribution that would resist
soil compaction. During the excavation of soil cores for BD measurements at the
Lind site, we observed a 2- to 3-cm-thick layer of relatively coarse volcanic ash, from
the 1980 eruption of Mount St. Helens, near the soil surface.
J.J. Halvorson et al. / Journal of Terramechanics 40 (2003) 1–24 17



3.3. SPR ratios

The cone penetrometer is a useful field tool: measurements can be made quickly,
it’s simple to operate, and it can be used to collect a depth profile of SPR. However,
penetrometer readings, which are an integrated measure of soil strength, are affected
by several soil properties including soil BD, texture, and water content at the time of
measurement [5]. If surface soil particle size distributions differ greatly from those at
depth or if the soil surface is loose and friable, crusted, or rough, SPR readings may
appear undetectable or highly variable between samplings. To aid comparisons, we
used the ratio calculated with compacted and uncompacted SPR data for each depth
below 2 cm to account for small-scale spatial variability of soil properties among
sample locations and variation in soil moisture at different sampling dates.
We observed the highest SPR ratios near the soil surface, at YTC, in young ruts
and lower ratios in ruts of increasing age or with depth (Fig. 10a). At 2 cm depth,
1-month-old M1 ruts at YTC had an SPR ratio of 7.5 in April 1997, while ratios of
5.3 and 5.7 were recorded for 1998 M1 ruts, 1 day and 5 weeks old, respectively.
After 8 months, ruts formed in spring 1997 at YTC had an SPR ratio, at 2 cm, of
2.9, but only about 1.5 by the time the ruts were 13 months old. The SPR ratios
observed in ruts of all ages decreased with soil depth to less than 1.5 at 16 cm depth.
We observed a similar, though less pronounced, pattern for the SPR ratios in the
ruts made at Lind (Fig. 10b). The largest ratios were observed near the soil surface,
2.4 in fresh Bigfoot tracks in November or about 18% greater than those for the
same tracks in April. Ratios decreased with depth to values less than 1.25 at 16 cm.
The patterns of SPR ratios observed at both sites suggest that the greatest relative
increases in soil compaction due to tracking occur within about 5 cm of the soil
surface, which is also the zone where the greatest changes in soil compaction were
recorded (Fig 10a). In undisturbed locations soil compaction, BD and SPR tend to
increase with depth, in part, because of the mass of the overlying soil [18]. Com-
pacted soil near the surface is not influenced by overburden and is also more
strongly affected by cycles of freezing and thawing, drying and wetting or the actions
of soil biota. Higher SPR ratios in young ruts, compared to older ruts, indicate that
changes of soil compaction occur relatively rapidly, in agreement with [30], who
reported recovery of the soil structure, vegetation cover, and standing crop in M2
Bradley tracks after only 2 years, to the point that there was no longer any sig-
nificant influence on infiltration rate or inter-rill erosion. However, some combina-
tions of soil, climate, and tracking patterns appear to resist recovery, [23] found
50% more penetration resistance in the upper 20 cm of Mojave Desert soil 40 years
after tracking by tanks.

3.4. Steady-state runoff

Soil compaction by M1 tanks affected the timing and amount of runoff during
runs of the rainfall simulator. On 6–8 August 1997, about 4 months after tracking,
the average steady state runoff (percentage of total water applied) in tank ruts was
about 75% of the water application rate (average 33 mm h�1) compared to about
18 J.J. Halvorson et al. / Journal of Terramechanics 40 (2003) 1–24



Fig. 10. Soil penetration resistance ratios as a function of depth for (a) Yakima Training Center and (b)

Lind. The legend indicates the amount of time between track formation (open symbols in Fig. 10a indicate

spring 1997, filled symbols, spring 1998) and SPRmeasurements. Ratios from the soil surface are not shown.
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Fig. 11. Rainfall simulator plot runoff (% of total water applied) as a function of time for (a) 6–8 August

1997 and (b) 19–21 May 1998.
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19% for uncompacted soil (Fig. 11a). It took about 90 min to reach steady-state
flow in tank ruts but almost twice as long in uncompacted soil. In comparison,
average steady-state runoff rates in both tank ruts and uncompacted soil were
slightly lower in May 1998, 66 and 8%, respectively (Fig. 11b). There was more
variability in the final runoff rates and in the amount of time needed to reach these
rates among individual tank ruts measured in May than the previous August. Two
of three tank ruts measured did not approach steady-state runoff until about 150
min of simulated rainfall, the same time needed for uncompacted soil. Average
depth to the wetting front in the soil of tank ruts was 21.2 cm compared to 46.7 cm
in uncompacted soil in May 1998.

3.5. Saturated hydraulic conductivity

Saturated hydraulic conductivity in Lind soil was significantly decreased by
compaction with the Bigfoot apparatus and the effects of compaction appeared
to diminish significantly with time (Fig. 12). We recorded the lowest average kfs
in tracks about 2 weeks old, 2.5 � 10�4 cm sec�1, similar to that measured in
1-year-old tracks, 3.6 � 10�4 cm s�1 (P=0.72), but significantly less than that
found in uncompacted soil, 5.1 � 10�4 cm s�1 (P=0.05). Though lower, the
average kfs in old Bigfoot tracks could not be distinguished from uncompacted
soil (P=0.31). We corroborated these results with a Kruskal–Wallis nonpara-
metric test, selected to relax the assumptions about the distribution of the data,
because measurements of kfs were more variable in newly compacted soil than older
compacted or uncompacted soil, with coefficients of variation of 53, 14, and 18%,
respectively.
Fig. 12. Average saturated hydraulic conductivity (kfs) (+/- standard error) for uncompacted soil and

‘‘Bigfoot’’ tracks about 1-year (old) or about 2-weeks (new) old. (N=3).
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4. Conclusions

Our data indicate that BD was significantly increased in tank ruts at YTC and in
simulated tracks at Lind but did not undergo an appreciably change over winter.
Similarly, SPR was significantly greater in compacted soil than uncompacted soil
with differences between the two most pronounced near the surface. Soil penetration
resistance measurements are strongly influenced by amount of moisture in the soil at
the time of measurement, but SPR ratios allowed us to compare samples collected at
different dates and moisture conditions. These ratios indicate that both the greatest
relative compaction and recovery occur near the soil surface and can be detected
within a year after tracking. Little overwinter recovery was detected below about 5
cm. Measurements of steady-state runoff from simulated rainfall at YTC and com-
parisons of kfs in compacted soils of different ages at the Lind site also indicate that
significant recovery can occur in compacted soil following a single winter season, even
when it was not detectable by other indices of compaction such as BD and SPR. These
data suggest that changes in the rate of water infiltration are more sensitive indicators
of amelioration of soil compaction than are bulk density or penetration resistance.
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